Introduction
Glioblastoma multiforme (GBM) was an aggressive and lethal brain cancer. A series of studies pointed out that angiogenesis was the typical hallmark of GBM tumors, and vascular endothelial growth factor (VEGF) was the most critical molecule involved in controlling the complex process of angiogenesis in GBM. [1] [2] [3] So, bevacizumab (BEV), a recombinant humanized monoclonal antibody to VEGF, was regarded as a successful treatment for recurrent GBM. [4] [5] [6] However, it showed that the benefits of angiogenesis inhibitors were typically transient and the tumors eventually became resistant to the therapy. Kunkel et al demonstrated that glioma xenografts adopt a more infiltrative and invasive growth pattern after treatment with anti-VEGF or anti-VEGFR antibodies. 7 Lucio-Eterovic et al reported that GBM tumors escaped from antiangiogenic treatment through upregulation of other proangiogenic factors, especially the matrix metalloproteinase family members. 8 However, the exact mechanism and the relative mediators of tumor invasion were currently unknown. Thus, it was an urgent need for the exploration of underlying mechanisms of the drug resistance.
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Proteomic technology was a useful tool to discover the new function of protein in specific pathological activity. Recently, proteomic methods were used for the analysis of variety of central nervous system diseases, including Alzheimer's disease, Parkinson's disease, and glioma. [9] [10] [11] In this study, we used a quantitative proteomic analysis to comprehensively analyze the protein profiling of BEV-resistant GBM cells. Protein changes were measured in glioma cell lines after anti-VEGF treatment. Cold-inducible RNAbinding protein (CIRP), a significantly changed protein, was selected for further analysis using invasion assays, animal xenograft assays, and RNA-binding protein immunoprecipitation (RIP) assays. These results first proved that CIRP was an important mediator in BEV-induced resistance of GBM by binding some migration-relative RNAs.
Methods
Cell culture and treatment
Human GBM cell line U87 and U251 cells were purchased from the Cell Bank of the Chinese Academy of Sciences (Beijing, People's Republic of China) and maintained in Dulbecco's modified Eagle's medium containing 10% fetal bovine serum, at 37°C in 5% CO 2 atmosphere. For cell treatment, BEV was added at the concentrations indicated.
lC-Ms/Ms analysis
After treatment with BEV (2.5 mg/mL) for 48 hours, untreated or BEV-treated U251 cells were collected. A filter-aided sample preparation method was used to digest the proteins in samples. For MS analysis, the peptides were resuspended in 0.1% formic acid and analyzed by an LTQ Orbitrap Elite Mass Spectrometer (Thermo Scientific, Waltham, MA, USA) coupled online to an Easy-nLC 1000 in the data-dependent mode. All MS measurements were performed in the positive ion mode and acquired across the mass range of 300-1,800 m/z. The 15 most intense ions from each MS scan were isolated and fragmented by high-energy collisional dissociation. Raw mass spectrometric files were analyzed using the software MaxQuant (version 1.5.3.28).
Western blot analysis
Untreated or BEV-treated U251 and U87 cells were collected at different time point after BEV treatment. Cells were lysed directly in lysis buffer to collect whole-cell extracts. Protein samples were separated on polyacrylamide gels, transferred onto nitrocellulose membrane by iBlot (Invitrogen), and detected using horseradish-peroxidase-conjugated secondary antibodies and chemiluminescence (Santa Cruz) exposure of BioMax film (Kodak). The following antibodies were used: anti-CIRP (Santa Cruz) and anti-β-actin (Santa Cruz).
Plasmid construct and cell transfections
Human CIRP cDNA was subcloned from U251 or U87 cells and inserted into the lentiviral vector, which carried GFP and/ or luciferase. Subsequently, lentiviral particles were produced to transfect the cells.
Mouse tumor model
All animal experiments were approved by the Ethical Committee of Chinese PLA General Hospital (Beijing, China). The procedures in this study were conducted in accordance with the guidelines for the use of experimental animals from the National Institutes of Health.
Human glioma cells (1×10 6 cells in 5 µL PBS) were implanted into the brains of anesthetized athymic nu/nu mice: a median incision of ~1 cm was made, a burr hole was drilled into the skull, and cells were injected into the right striatum.
Immunofluorescence staining of CIRP in vitro U251 cells and U87 cells were implanted into the brains of anesthetized athymic nu/nu mice. Six weeks after BEV treatment, tumors from different groups were removed and fixed with formaldehyde, embedded in paraffin wax, and sectioned. Sections were incubated with mouse anti-CIRP monoclonal antibody (Santa Cruz) at 4°C overnight, and then incubated with antimouse IgG secondary antibody for 1 hour. Images were acquired using a microscope. Positive cells per field were calculated in 10 high power microscopic fields.
Wound healing and transwell invasion assays
U251 or U87 cells were divided into three groups: 1) untreated group: cells were not treated with BEV; 2) BEVtreated group: cells were treated with BEV for 48 hours; 3) BEV-treated + CIRP-overexpressed group: cells that overexpressed CIRP were treated with BEV for 48 hours.
For wound healing assay, cells from different groups were trypsinized and plated into 6-well plates at high densities. As the cells reached a high confluency (>90%), a wound was made across the cells with a micropipette tip. The photographs were taken immediately (time zero) and 36 hours after wounding. The distance migrated by the cell monolayer to close the wounded area during this time was measured by ImageJ software.
For transwell assay, cells from different groups were plated into transwell chambers with or without matrix gel (Corning Incorporated, Corning, NY, USA), and 5% FBS was added in the lower chamber as the chemoattractant. After incubation for 24 hours, the cells that attached to the lower surface were fixed in 100% methanol for 2 minutes and stained with DAPI (Invitrogen). The number of invasion cells on the lower surface of the membrane was calculated in microscopic fields. Images were acquired using a microscope.
Bioluminescence imaging (Bli) in vivo U251 cells with the expression vector of CIRP-luciferase or control vector were implanted into the brains of anesthetized athymic nu/nu mice. Tumors in mice of different groups were measured by BLI signals.
BLI was performed in vivo using NightOWL LB 983 In Vivo Imaging System to assess tumor growth and calculate tumor volumes. The image with the peak BLI intensity was used for quantification in units of photon counts.
histology and immunohistochemistry staining
U251 cells with the expression vector of CIRP or control vector were implanted into the brains of anesthetized athymic nu/nu mice. Tumors from different groups were removed and fixed with formaldehyde, embedded in paraffin wax, and sectioned. The sections were stained with hematoxylin and eosin or incubated with mouse anti-CXCL12 monoclonal antibody (Santa Cruz) at 4°C overnight, and then incubated with antimouse IgG secondary antibody for 1 hour. Images were acquired using a microscope. Positive cells per field were calculated in 10 high power microscopic fields.
RiP assay
U251 cells were teased and resuspended in complete RIP lysis buffer. Anti-CIRP antibody and normal rabbit IgG (Millipore, Billerica, MA, USA) were used in RIP assays and defined as RIP-CIRP group and RIP-IgG group (negative control). The antibodies were incubated with Protein A/G Magnetic Beads for 30 minutes, and the beads-antibody complexes were incubated with complete RIP Lysis Buffer at 4°C for 10 hours. Fifty microliters each out of 500 µL of the bead suspension during the last wash were removed to test the efficiency of immunoprecipitation by Western blotting. Target RNAs were purified with procedures of proteinase K digestion and phenol-chloroform-isoamyl alcohol (Sigma-Aldrich) extraction, then precipitated in ethanol, and resuspended in 10 µL of RNase-free water.
Microarray assay analysis
Target RNAs bound by CIRP in U251 cells were isolated by RIP, then microarray hybridization was performed according to the standard procedure by CapitalBio Corporation (Beijing, China) using Agilent human lncRNA + mRNA Array version 4.0.
The lncRNA + mRNA array data summarization, normalization, and quality control were analyzed by using the GeneSpring software version 12.0 (Agilent Technologies).
Real-time PCR
Target mRNAs isolated from RIP assay using CIRP antibody (CIRP antibody group), IgG (IgG group), or water (input group) were identified by real-time PCR. RNAs were reverse-transcribed to cDNA and detected according to manufacturer's protocol (Takara, Otsu, Shiga, Japan). They were examined with real-time PCR using the SYBR Green PCR Master Mix. The forward and reverse primers used are described in Table 1 .
statistical analysis
Statistical analyses were performed using SPSS software 13.0. All data were presented with mean ± SD. Statistical significance was determined by using Student's t-test. Results were considered significant at P<0.05.
Results
Identification of proteins with significant fold changes in U251 cells after BeV treatment
For the quantitative proteomics, three biological replicates of untreated and BEV-treated U251 cells were trypsinized and labeled with 6-plex TMT reagents. An average CV of 0.37 was employed to filter out data with poor linearity, corresponding to coverage of >80% of quantified proteins in two groups to maintain a low false-positive rate of comparative analysis ( Figure 1A ). Eighty-seven proteins with significant fold changes were obtained for further analysis by comparing the total proteomes of cells from untreated or BEV-treated groups (a threshold of ≥2-fold and P<0.05). Among these proteins, 53 proteins were upregulated and 34 were downregulated in treated cells compared with untreated controls ( Figure 1B) . Most of the proteins changed after BEV treatment were classified as receptors, proteinbinding molecules, and cell adhesion molecules ( Figure  1C and D), which implied that drug treatment might alter the interaction between cancer cells and their microenvironment. Most of these proteins were also categorized as components of cytoskeleton and lysosome or presented as cytoplasmic and nuclear as shown in Figure 1E , which suggested that BEV treatment could significantly affect the structure of glioma cells.
The results from proteomic measurements also showed that the protein expression of CIRP in U251 cells was 3.85-fold that in BEV-treated U251 cells. The results of Ingenuity Pathway Analysis indicated that the protein synthesis network, cell cycle, and mRNA stabilization were mostly affected. More importantly, CIRP acted as one of the keypoint proteins and had interacted with several factors such as T2FA, HNRPR, and DNJC8 ( Figure 1F ).
CiRP was downregulated after BeV treatment in vitro and in vivo
Therefore, CIRP was selected for further functional analysis. Two glioma cell lines (U87 and U251 glioma cells, which both release high levels of VEGF) were used for BEV treatment. We measured the expression levels of CIRP in these cells after BEV treatment by real-time PCR and Western blotting, respectively. Our results showed that CIRP was downregulated in both GBM cell lines after BEV treatment at the mRNA level and protein level in vitro (Figure 2A and B) .
Next, glioma xenograft mouse models were established using U87 and U251 cells to determine the effect of BEV treatment on the expression of CIRP in vivo. The results confirmed that the expression of CIRP decreased after drug treatment in vivo ( Figure 2C and D).
CiRP could inhibit BeV-induced migration in vitro and in vivo
Wound healing assays were conducted to investigate whether CIRP was involved in BEV-induced migration. After treated with BEV (2.5 mg/mL) for 48 hours, both U87 cells and U251 cells immediately closed the scratch wounds compared with the untreated control cells. However, CIRP overexpression Figure 3A and B) . Furthermore, we confirmed that ectopic expression of CIRP significantly suppressed BEVinduced migration and invasion of malignant glioma cells by transwell assays (Figure 4A and B) .
Then, we established glioma xenograft mouse models using CIRP-luciferase or control-luciferase U251 cells to examine the effects of CIRP on BEV-induced migration in vivo. The results showed an increased number of cells undergoing migration in BEV-treated tumors 6 weeks after drug treatment. As expected, BEV-induced migration could be inhibited by CIRP overexpression (Figure 5A-C) . These results indicated that overexpression of CIRP could inhibit BEV-induced migration of glioma cells in vitro and in vivo.
Target mRnas of CiRP in U251 cells
To further elucidate the underlying mechanism of CIRP in glioma cells, CIRP-binding mRNAs in U251 cells were isolated by RIP assay and analyzed by microarray assay. We obtained about a total of 1,745 positive mRNAs on the chip ( Figure 6A) . Most of the RNAs were located in nucleus, complex macromolecules, and membrane cytoplasm as shown in Figure 6B . These RNAs were mainly involved in metabolic progress, the response to stimulus, and cell growth ( Figure   6C ). Pathway annotation for the top ten abundant RNAs revealed that most of them were associated with spliceosome, ubiquitin-mediated proteolysis, and regulatory RNA surveillance pathway ( Figure 6D ). The results also showed that some targeted RNAs bound by CIRP were in adherence and migration-relative pathways ( Figure 6D ). The top five migration-related mRNAs were presented in Figure 6E . Moreover, the interactions between these mRNAs and CIRP were verified by RIP assays and quantitative real-time PCR (qRT-PCR) ( Figure 6F ). These results suggested that CIRP may be associated with migration by binding of migrationrelative mRNA.
CiRP inhibits BeV-induced expression of CXCl12
Furthermore, we analyzed the effects of CIRP on migrationrelative factor CXCL12 by qRT-PCR. The results showed that the mRNA level of CXCL12 significantly decreased in overexpression glioma cells when compared with control cells and vice versa ( Figure 7A and B) .
Finally, the expression levels of CIRP and CXCL12 after BEV treatment were determined by immunohistochemical staining. The results confirmed that BEV treatment could promote the expression of CXCL12 and inhibit the expres- Figure 7C ). But the increasing expression of CXCL12 induced by BEV-treated could be abolished by CIRP overexpression ( Figure 7D ).
Discussion
Currently, the mechanisms by which the resistance to angiogenesis inhibitors occurs were not well understood. [12] [13] [14] By proteomic and biological functional analysis, we first identified the protein changes of gliomas after BEV treatment. The results revealed that the signal and protein transduction network of glioma cell were broadly affected by BEV. For example, proteins that played roles in RNA posttranscriptional and post-translational modification changed significantly after BEV treatment. Therefore, CIRP, one of the candidate proteins, was selected for further study. CIRP was a highly conserved glycine-rich RNA-binding protein (RBP), which contained an amino-terminal consensus sequence RNA-binding domain and a carboxyl-terminal glycine-rich domain. 15, 16 Although the exact functions were unknown, CIRP was reported to modulate translation of RNA and affect general protein synthesis. 17, 18 Zeng et al showed a significant decreased expression of CIRP in human prostate cancer cells. Silencing CIRP by small hairpin RNA could dramatically enhance the therapeutic response of prostate cancer cells to chemotherapy. 19 However, whether CIRP played important roles in GBM resistance to BEV therapy remain largely unknown.
Here, we screened and identified CIRP as key regulatory protein in GBM cells after BEV treatment using proteomic techniques for the first time. And we confirmed that BEV treatment decreased CIRP expression of glioma cell lines at a dose-dependent and time-dependent manner in vitro (Figure 2A and B) . We also proved that expression of CIRP was inhibited after drug treatment in vivo ( Figure 2C and D) .
Then we generated CIRP overexpression stable glioma cell lines and proved that ectopic expression of CIRP significantly suppressed BEV-induced migration and invasion of malignant glioma cells in vitro (Figures 3 and 4) . We also observed that overexpression of CIRP in glioma cells could inhibit BEV-mediated migration in glioma xenografts ( Figure 5 ).
RBPs could regulate the temporal, spatial, and functional dynamics of RNAs. 20 As a vital member of RBPs, CIRP was regarded as RNA chaperones, which played important roles in post-transcriptional regulation of gene expression. 21 Xia et al reported that downregulation of CIRP reduced survival time of the target mRNAs. 22 So we speculated that binding to CIRP may alter stability of cell migration relative mRNAs. By RIP-Chip, we found that some mRNAs, such as CXCL12, MYL12B, NCF1, CLDN19, and MYLPF which were reported to affect cell migration, [23] [24] [25] [26] were the target mRNAs bound by CIRP (Figure 6E) . And in these mRNAs, CXCL12 had highest pro- Previous studies showed that CXCL12 played pivotal roles in the cell migration, angiogenesis, proliferation, and recurrence of GBM. Here, we found that the expression of CIRP paralleled with a decrease of CXCL12 in glioma cells ( Figure 7A and B) . Moreover, CIRP overexpression could inhibit the expression of CXCL12 in glioma, which was coincidental with the decrease of BEV-mediated migration in CIRP-overexpressed tumors. Previous study suggested that the recurrence pattern was significantly related to the expression level of CXCL12. However, CXCL12 was not independent prognostic factors for progression-free survival or overall survival in glioma patients. 27 In this study, the relationship between the survival of patients and the expression level of CIRP or CXCL12 was not explored, which should be studied in future. These results implied that CIRP may decrease the stability of some mRNAs and affected the migration of glioma cells after BEV treatment. Our findings provide new proofs for the role of CIRP in post-transcriptional regulation of gene expression in gliomas migration after BEV treatment. However, the detailed networks downstream of CIRP that exert migration-inhibiting effects in brain tumor should be further investigated.
Finally, although some studies suggested an increased risk for recurrence or progression of malignant glioma patients treated with BEV, other evidence also proved that BEV did not increase the risk of remote relapse in malignant glioma. 28 We speculated that individual differences in patients might cause the differences in experimental data, and more clinical samples were needed. In addition, induced BEV-resistant glioma cell lines should be established because they were more ideal and convincing cell models to study the chemoresistance of GBM.
Conclusion
Our data represented a clear indication that BEV treatment could alter the expression level of CIRP in GBM cells; in turn, the expression level of CIRP could influence BEVinduced migration in GBM cells. These data improve the understanding of the mechanisms by which GBM became resistant to BEV and shed light on the novel drug combination strategies.
